This study addresses short-term extreme response and fatigue damage of an integrated wind, wave 11 and tidal energy system. The integrated concept is based on the combination of a spar type floating 12 wind turbine, a wave energy converter and two tidal turbines. Aero-hydro-mooring coupled analysis is 13 performed in time-domain to capture the dynamic response of the combined concept in a set of 14 environmental conditions. The mean up-crossing rate method is used to evaluate the extreme response, 15 which takes advantage of an extrapolation method to reduce the simulation sample size. The cumulative 16 fatigue damage is computed based on the S-N method. Simulation results show that the tower base fore-17 aft bending moment is improved, in terms of extreme value and fatigue damage. Nevertheless, the 18 tension force of a mooring line is worsened. The mooring line bears increased maximum tension due to 19 the tidal turbine thrust force and it is subjected to higher fatigue damage load as well. 20
Introduction 23
With expanding global demand for power and increasing public awareness to sustainable 24 development, great efforts are taken to exploit the offshore renewable energy resources and a set of 25 offshore renewable energy devices are developed. Statoil launched a demo project of a spar type 26 offshore floating wind turbine, namely the Hywind concept, which is the first full scale floating wind 27 turbine that has ever been built [1] . Principle Power installed a full scale 2MW WindFloat prototype 28 near the coast of Portugal 95 Table 1 96
Main dimensions of the HWNC. The HWNC is operated at sea site with a water depth of 320 m and moored by three slack catenary 102 lines. The fairleads are connected to the platform at 70 m below the still water level. 
Extreme load estimation

134
The extreme values of stochastic responses are estimated based on the mean up-crossing rate method 135 [32] . In an arbitrary time interval T, it can be assumed that the random number of up-crossing is 136 approximated by Poisson distribution on condition that the up-crossing is statistically independent. This 137 assumption is valid if the response process is not narrow banded. Once a level 0 is selected, the 138 distribution of extreme value for a random signal y(t) is described as 139
where + ( 0 , ) is the up-crossing rate corresponding to level 0 , which denotes the instantaneous 141 frequency of the positive slop crossings of the defined level. In this circumstance, the probability of 142 exceeding a defined level 0 is given by 143
The mean up-crossing rate ̂+( 0 ) can be easily obtained from the time series of the signal that is 145 going to be analysed. For example, if we have k independent realizations of the random process and let 146 + ( 0 , ) denote the number of up-crossings in realization j, then the sample-based mean up-crossing 147 rate is given by 148 proposed by Naess and Gaidai [33] is used in this study to predict the mean up-crossing rate 154 corresponding to high level 0 . 155
The extrapolation method is based on the observation of marine structures so that it is applicable in 156 this study. The mean up-crossing rate is approximated by 157 where q, a, b and c are all constant values. In the work of Naess and Gaidai [33] , the first procedure is 159 to determine the value of q. Afterwards, it is easy to find that plotting log|log( + / )| versus log(y-b) 160 exhibits a linear tail behaviour. Fig. 3 shows the extrapolation of mean up-crossing rate, which can 161 approximates the mean up-crossing fairly well at low defined level 0 . Nevertheless, ̅ + becomes 162 unstable in the tail region as the sample size (10 independent simulation realizations in this study) is 163 sufficient to produce reliable results. Therefore, the fitted up-crossing rate + is used in the following 164 part of this paper to represent the extreme responses in the tail region. 165
A method to examine whether the sample size is sufficient to extrapolate the up-crossing rate is to 166 check the 95% confidence interval CI 167 The confidence interval obtained with 10 simulation realizations is displayed in Fig. 3 at certain structural components will cause fluctuation which will lead to fatigue damages. S-N method 176 is used to evaluate the fatigue damages caused by these fluctuating loads. The fluctuating loads are 177 broken down into individual hysteresis cycles by matching local minima with local maxima in the time 178 series, which are characterized by a load-mean and range. It is assumed that the damage accumulates 179 linearly with each of these cycles according to Miner's Rule. In this case, the overall damage rate 180 produced by all the cycles is given by 181 
200
For a floating wind turbine, the wind force acting on the rotor is unsteady due to platform motions. 201
To validate the unsteady aerodynamic performance, the wind turbine thrust force is simulated under a 202 set of sinusoidal winds and the simulation results are compared with those obtained by FAST [37] . The 203 speed of sinusoidal wind is defined as 204
where V0 is the mean wind speed and ω is the varying frequency. The wind speed varies with height implying that the blades are subjected to time-varying inflow due 237 to rotor rotation. A power law is used to estimate the wind profile U(z) at the height of z above the mean 238 sea level (see Fig. 7 ) 239
Aero-hydro-mooring validation
α is the power law exponent which is selected to be 0.14 according to IEC 614000-3 [40] . 241 The wave frequency range is firstly uniformly divided in to N segments and is randomly distributed 254 within segment j (see Fig. 8 
Power production and platform motions 269
The power production is firstly investigated. 
275
The mean power production of the HWNC and the Hywind in various load cases are shown in Fig.  276 10. Generally, the HWNC produces approximately 25% more power than the Hywind and this 277 percentage is even higher in below-rated operational condition. Fig. 11 compares the standard deviation 278 of wind turbine power production. The standard deviation of the HWNC is lower than that of the 279 Hywind, regardless of environmental conditions. It implies that the wind turbine power output is more 280 stable with the WEC and the tidal turbines, which is obviously beneficial to the net grid. 281 The reduction of surge and pitch motions can be attributed to the tidal turbines, which produce 296 damping force. Considering that the sea current propagates along negative X direction, the thrust force 297 acting on the tidal turbine can be approximated by 298
where is the steady thrust force coefficient, u is the sea current speed, ̇ is velocity of the tidal turbine 300 along X direction. Applying Taylor expansion at ̇ = 0, the following series is derived 301
The first term on the right side is a constant component, which only influences the mean position of 303 the platform. The constant component also has an influence on the extreme response, which will be 304 discussed in the following part of this paper. The third term is of second-order and can be regarded as 305 a small component compared to the first-order term. The second term is a damping component which 306 helps to reduce the platform motions. 307
The amplified heave motion is caused by the WEC. As shown in Fig. 13 , the vertical wave excitation 308 force acting on the spar platform is very limited considering the geometry of the spar buoy. 309
Comparatively, the WEC is subjected to much larger vertical excitations since the water plane area of 310 the WEC is 3.4 times that of the spar buoy. The vertical excitations will transfer to the spar buoy through 311 the PTO facility and therefore the mooring lines will be excited significantly. The increased vertical 312 excitation force is a negative effect produced by the WEC, which leads to worse dynamic response of 313 the mooring lines. To further demonstrate the dynamic response of tower base, the time series of fore-aft bending 329 moment is analysed with fast Fourier transform (FFT) method to acquire the power spectrum which is 330 shown in Fig. 15 . The majority of response energy concentrates within the wave frequency range and 331 the response peak is observed at 0.09 Hz, which is close to the peak period of the stochastic waves. The 332 HWNC generally gives a smaller response than the Hywind across the wave frequency range. 333 334 Fig. 15 . FFT analysis results of tower base fore-aft bending moment, LC2.
335
Apart from the tower base fore-aft bending moment, the tension force of mooring line_1 is selected 336 as another representation of the structural responses of the HWNC. 
363
The extreme tower base fore-aft bending moments of the HWNC and the Hywind are demonstrated 364 in Fig. 19 . Generally, the extreme fore-aft bending moment is monotonic and it increases as the sea 365 waves become severe. Nevertheless, the extreme value in simulation case LC2 reaches a relatively high 366 level despite that the sea waves are moderate. According to the environmental conditions in Table 4 , 367 the wind thrust force is the largest in LC2 (the wind speed is closed to the rated value 11. 4 m/s in LC2), 368 which induces a substantial fore-aft bending moment at the tower base and it is why the mean fore-aft 369 bending moment is the largest in LC2. Therefore, the extreme fore-aft bending moment can still reach 370 a very high level even if the sea waves are moderate. Although the wind turbine is parked and the system 371 is subjected to no wind force in LC6, the extreme fore-aft bending moment is still the largest in all 372 simulation cases due to the rare sea waves. Moreover, the HWNC gives a smaller extreme value than 373 the Hywind. Considering that the fore-aft bending moment produced by the wind force is identical for 374 the two systems, it can be deduced that the smaller extreme response of the HWNC is mainly attributed 375 to the reduced pitch motion (see Fig. 20 
22
Despite the reduced maximum tower base fore-aft bending moment, the HWNC gives a worse 388 extreme mooring tension. It is obviously a negative aspect produced by the installation of the WEC 389 and the tidal turbines. The first item expands the fluctuation range of mooring line tension whereas the 390 second term increases the average tension. Nevertheless, it should be noted that the wind and the sea 391 current are aligned in the above simulation cases, which is the most unfavourable scenario for the 392 HWNC. If the wind and the sea current propagate along opposite directions, the thrust forces acting on 393 the wind turbine and the tidal turbines will offset each other, leading to a reduced extreme mooring 394 tension. Fig. 22 shows the fitted up-crossing rate of the mooring tension when the sea current propagates 395 along positive X axial. Due to the change of sea current propagation direction, the extreme mooring 396 tension is significantly reduced. It indicates that the tidal turbine can play either a positive role or a 397 negative role depending on the wave-current misalignment. 398 
Fatigue damage calculation
401
The fatigue analysis is represented with the damage rate discussed in Section 3.3. The tower base 402 fore-aft bending moment and the tension force of line_1 are considered here. 403 Fig. 23 displays the short-term fatigue damage rate of the tower base fore-aft bending moment. The 404 damage rates of the two systems both increase when the sea wave becomes severe. Generally, the 405 HWNC gives a lower damage rate than the Hywind. For example, the damage rate of the HWNC in 406 LC2 is 9.63×10 -6 Hz, approximately 30% lower than that of the Hywind (1.36×10 -5 Hz). Nevertheless, 407 the discrepancies are less notable in LC1 and LC4. According to the results presented in Fig. 14(b) , the 408 fluctuation range of tower base fore-aft bending moment is narrowed due to installation of the WEC 409 and the tidal turbines, which contributes to the reduced fatigue damage loads suffered by the HWNC. 
412
The fatigue damage rate of mooring tension is presented in Fig. 24 . The contribution of WEC and 413 tidal turbines to the fatigue damage rate is notable. Due to the thrust force acting on the tidal turbines, 414 the mooring line will bear more loads to sustain the spar buoy. Also, the HWNC is subjected to much 415 larger vertical wave excitation force and variation range of mooring line tension increase accordingly. 416
The two factors together enhance the fatigue damage rate of the mooring line tension. The damage rate 417 reaches a very high level in LC2, which is applicable to both the HWNC and the Hywind. It implies 418 that the wind force has a dominating influence on the mooring line fatigue load. 419 420 Fig. 24 . Short-term damage rate of mooring line tension force.
421
According to Fig. 24 , the fatigue damage rate shows observable discrepancies between the HWNC 422 and the Hywind due to the thrust forces acting on the tidal turbines. To investigate the sensitivity of 423 fatigue damage rate to the tidal turbine forces, the current speed in LC2 is varied. Table 6 lists the 424 fatigue damage rate of mooring line tension when the HWNC is subject to various current speeds. As 425 expected, the current speed (or tidal turbine force) has a negative effect on the mooring line since the 426 mooring line will bear more loads to sustain the platform in the case of high current speed. 427 Table 6 428 Sensitivity of mooring tension fatigue damage rate to current speed 
